ABSTRACT: In the present study, we show that for oneelectron oxidized A-T or G-C base pairs the singly occupied molecular orbital (SOMO) is located on A or G and is lower in energy than the doubly occupied highest-occupied molecular orbital (HOMO) localized to the pyrimidines, T or C. This directs second ionizations to the pyrimidine bases resulting in triplet state diradical dications, (A •+ -T
■ INTRODUCTION
For free radicals, the singly occupied molecular orbital (SOMO) is usually expected to be the highest occupied (half-filled) MO in accordance with the Aufbau principle. 1, 2 Violations of the Aufbau principle are rare but have been reported in a few studies in which the SOMO is found to be energetically lower in energy than the highest-occupied molecular orbital (HOMO). 3−11 Using theory and experiment [photoelectron spectroscopy in the gas-phase and condensedphase EPR (electron paramagnetic resonance)], Westcott et al. 3 showed the non-Aufbau behavior in metalloporphyrins. SOMO−HOMO level inversion was also reported in 2,2,6,6-tetramethylpiperidine-l-oxy radical (TEMPO)-dithiolate complexed with Pt(II). 7 Slipchenko et al. 8 studied the triradical with an "open-shell" doublet ground state of 5-dehydro-m-xylylene. Sugawara et al. 9 reported that the nitronyl nitroxide radical (NN • ) bonded to TTF (tetrathiafulvalene) had the SOMO on the NN portion that lay lower in energy than the HOMO, which was on the TTF portion. Thus, one electron oxidation of this radical NN
• -TTF removed an electron from the HOMO on the TTF portion and produced a triplet cation biradical, NN
• -TTF •+ . 9, 10 This was confirmed from the measured oxidation potential of NN • -TTF, which was similar to that of TTF and not of NN
•
. Using ab initio and DFT calculations and experiment, Coote and co-workers 10, 11 recently showed pHinduced SOMO−HOMO energy-level conversion in distonic radical anions. SOMO−HOMO energy level conversion in deprotonated DNA/RNA base radicals were also proposed by these authors. 10 One-electron oxidized DNA bases [adenine (A), guanine (G), thymine (T), and cytosine (C)] and base pairs (A-T and G-C) produced by ionizing radiation have been extensively investigated by electron spin resonance (ESR) and pulse radiolysis experiments and theory. 12−24 Both theory and experiment predicted that G and A have lower ionization potentials (IP) than thymine and cytosine and are therefore the most easily oxidized sites in DNA.
12−21 On one-electron oxidation, all molecules, including DNA bases, become far more acidic in nature than their neutral state. 14 The guanine radical cation (G •+ ) deprotonates to solvent from its N 1 −H site in nucleosides (pK a = 3.9) 14 as well as in single-stranded DNA. But in the G
•+ -C base pair, G •+ partially transfers its N 1 −H proton to the N 3 site of cytosine, forming proton transferred G (-H) • -C(H + ) (see Scheme 1). [12] [13] [14] 18, 20, 21 Similarly, A
•+
deprotonates from its N 6 −H site to solvent, and in an A •+ -T base pair, it can transfer its N 6 proton to O 4 of thymine forming A(-H)
. [12] [13] [14] 22, 23 These proton transfer (PT) reactions in one-electron oxidized DNA bases and base pairs control their electronic configuration and thus play an important role in determining their radical stability and reactivity. In this work, we provide the first report of the proton-induced switching of the SOMO and HOMO energy levels in one-electron oxidized A-T and G-C base pairs (A •+ -T and G
•+ -C), using three different density functional methods.
■ METHODS
The ground state structures of A-T and G-C base pairs in their neutral, one-electron oxidized, and proton-transferred state are fully optimized using the ωb97x, 25 B3LYP, 26 and M06-2x 27 density functionals and the 6-31++G(D) basis set as implemented in Gaussian 09. 28 To mimic the effect of deoxyribose (sugar), a methyl (CH 3 ) group was attached at N 9 of G and A and at N 1 of C and T. In addition, a full sugar deoxyribose diphosphate was also considered. The present study clearly demonstrates that the electronic configuration of the one-electron oxidized A-T and G-C base pairs do not follow the Aufbau principle (see Figures 1−3 and Figures S1−S29 in the Supporting Information). The SOMO of an A
•+ -T base pair localized on A lies below the doubly occupied HOMO which localizes on T (see Scheme 1a). In the case of G
•+ -C, SOMO is localized on G and lies below the doubly occupied HOMO which localizes on C (see Scheme 1b). These DFT-based observations were further supported by the ab initio MP2/6-31++G(d) calculations of A
•+ -T and G •+ -C base pairs and CASSCF (11, 11) calculations for A
•+ -T (see the Supporting Information).
Proton transfer from A •+ to T and G •+ to C restores the expected orbital ordering in which the SOMO lies highest in energy. This proton transfer induced reordering of the SOMO is important to redox processes in DNA as it directs the second electron loss from a base pair away from T and C and to the deprotonated G or A radicals. The effect of full solvation on the electronic configuration of A
•+ -T and G •+ -C was also considered using PCM-ωb97x/6-31++G(D) method and show the same HOMO−SOMO switching as found in the gas phase results.
■ RESULTS AND DISCUSSION
The theoretical IPs of bases and base pairs are well-studied and have been reviewed in several recent reviews. 12, 13, 15, 16 In this work, we assess the reliability of three density functionals used in the present study of base pairs by calculating the vertical and adiabatic ionization potentials (IP vert and IP adia ) of A, T, G, and C for which the gas-phase experimental IPs are available in the literature.
29, 30 The calculated IPs along with the experimental values are presented in Table 1 . From Table 1 , it is evident that ωb97x and M06-2x calculated IP values of bases are very close to the experimental values having a maximum difference of ca. 0.1 eV, while B3LYP-calculated IP values have a maximum difference of ca. 0.27 eV. We note that CH 3 substitution at N 9 of A and G and at N 1 of C and T lowers the IPs of the DNA bases (see Table 1 ). Also, in comparison to the B3LYP which severely suffers from self-interaction errors (SIE), ωb97x and M06-2x mitigate SIE and provide improved orbital descriptions of ionized states. 31−34 We present ωb97x/6-31++G(D) results here and B3LYP and M06-2x results in the Supporting Information.
The electronic configuration (orbital distribution) of neutral A-T base pair calculated by the ωb97x, B3LYP, and M06-2x methods are shown in Figures S1−S3, and a PCM (polarized continuum model) using ωb97x is shown in Figure S22 in the Supporting Information. As expected, all the methods predict HOMO as π in nature and localizing on A in the A-T base pair. This preliminary inspection of the electronic configuration of the A-T base pair clearly shows that the initial oxidation will take place from the HOMO localizing on A. This is also supported by the experiment as A has a lower reduction potential than T. 14 The calculated IP vert of the A-T base pair by ωb97x, B3LYP, and M06-2x methods are 7.99, 7.58, and 8.08 eV, while the corresponding IP adia are 7.62, 7.43, and 7.72 eV, respectively (see Table 1 ). The ωb97x/6-31++G(D) calculated IP vert (7.99 eV) is in excellent agreement (8.01 eV) with those calculated by Krylov and co-workers 34 using the EOM-IP-CCSD/6-311+G(d,p) method (see Table 1 ). The spin density distribution and electronic configuration of A
•+ -T and proton transferred A(-H Figure S7 in the Supporting Information). From the electronic configuration, we see that the SOMO which is localized on A in A
•+ -T lies below the HOMO localizing on T, in violation of the Aufbau principle, see Figure 1 and Figures S1−S3 and MP2 calculated electronic configuration in Figure S29 in the Supporting Information.
The electronic configuration of A •+ -T clearly predicts that further ionization will take place from T not from A, and this is confirmed from the calculated IP of A
•+ ( Figure S11 in the Supporting Information). The calculated IP vert of A •+ by ωb97x, B3LYP, and M06-2x are 13.51, 13.39, and 13.50 eV, respectively, and the corresponding IP adia of A •+ are 13.08, 13.06, and 13.10 eV, respectively, which are much larger than the IP of thymine, ca. 9 eV (see Table 1 and Figure S11 in the Supporting Information). As mentioned above, the ionized A-T (A
•+ -T) becomes far more acidic in nature and the pK a of A
•+ was predicted to be ca. <1−4 by experiment and theory. Figure S21 using PCM (ωb97x). In the G-C base pair, the HOMO is localized on guanine, while the lowest unoccupied molecular orbital (LUMO) localizes on cytosine; these are π in nature. Thus, the electronic configuration of the G-C base pair depicts that ionization will take place on guanine. The ωb97x, B3LYP, and M06-2x calculated IP vert of the G-C base pair are 7.24, 7.06, and 7.33 eV, respectively, and the corresponding IP adia are 6.81, 6.72, and 6.91 eV, respectively. The IP of the G-C base pair is lower than the A-T base pair, and it is well-known that guanine is the prime site for hole localization in DNA. 12−23 From the electronic configuration of G
•+ -C, shown in Figure 2 , we see that SOMO localized on guanine is no longer the highest energy orbital and lies below the doubly occupied HOMO localized on cytosine. This is also supported by MP2 calculations presented in Figure S29 in the Supporting Information. Thus, in G
•+ -C, cytosine is available for the oxidation. The calculated IP vert and IP adia of G •+ ( Figure S18 in the Supporting Information) lie in the range of 12.62−13.11 eV, which is larger than the IP (ca. 9 eV) of cytosine (see Table  1 ). Steenken 14 estimated the pK a of one-electron oxidized deoxyguanosine (dG •+ ) as 3.9 and proposed that a facile PT can take place from N 1 of G to N 3 of C in a G
•+ -C base pair, which has been confirmed by ESR experiments and DFT calculations. 18, 20, 21 From the present calculation, G •+ -C was found to be more stable than the proton transferred G(-H)
• -C(H + ) by 1.06, 0.91, and 1.23 kcal/mol using the ωb97x, B3LYP, and M06-2x calculations (see Figure S14 in the Supporting Information). We note that surrounding solvation plays an important role in the stability of G
•+ -C and G(-H)
, and other work shows that the inclusion of the first hydration layer around these structures make G(-H)
• -C(H + ) more stable (ca. 1 kcal/mol) than G
•+ -C. 21 From the electronic configuration of proton transferred G(-H) Figure 2 ), it is evident that the SOMO localizing on G(-H)
• is highest in energy and the HDMO localized on cytosine lies below the SOMO. Thus, in G(-H) Table 1 ).
Our calculation predicts that one-electron oxidation of proton-transferred A(-H)
• -T(H + ) removes an electron from A and yields, A(-H) + -T(H + ). The singlet state of this species [A(-H)
+ -T(H + )] is found to be more stable than its triplet form. The HOMO in the singlet state lies on T(H + ) (see Figure S8 in the Supporting Information). Also, the IP of A
•+ -T •+ in the triplet state is lower than A(-H) + -T(H + ) in the singlet state, thus, the present calculations show that on double oxidation both A and T will be oxidized in the A-T base pair. Recently, Peluso and co-workers 37 measured the oxidation potential of a single strand 5′-TTAATT-3′ sequence and measured two peaks centered at 0.97 and 1.35 V. The first anodic peak (0.97 V) was assigned to the oxidation of two stacked adenines, and the second peak (1.35 V) was assigned to the two stacked thymines.
One-electron oxidation of G •+ -C produces the triplet diradical (G •+ -C •+ ), and one-electron oxidation of proton transferred G(-H)
• -C(H + ) produces singlet G(-H) + -C(H + ), the latter species is the most stable structure overall (see Figure 3 and Figure S15 in the Supporting Information). The SOMO in triplet G
•+ -C •+ places an unpaired electron on both G and C (Figure 3 ). Calculations using ωb97x/6-31++G(D) predict singlet G(-H) + -C(H + ) to be more stable than the triplet diradical G
• . Thus, in a G-C base pair, the sequential two-electron oxidation will occur only on guanine.
The second ionization of A-T and G-C base pairs lies in the range of 10.72−12.67 eV (Table 1) , which is close to the ionization potential of phosphate (ca., 11−12 eV), 38 thus in DNA, phosphate may be the prime site for a second oxidation. To test this possibility, we calculated the first and second ionization potentials (Table 1 last Table 1 , it is evident that the IPs of bases in the DNA decrease substantially in comparison to the IPs of isolated bases and base pairs. We note that in the present calculations, the phosphates groups are protonated. In aqueous solution, phosphate groups are neutralized by solvated proximate cations. The energy differences between the protonated and anionic system with counterions in an aqueous media is relatively small. 38 Thus, only a modest change in base ionization potential is expected on phosphate protonation, but protonation will have a greater effect on the phosphate IPs.
■ CONCLUSIONS
In conclusion, we find that PT in one-electron oxidized DNA base pairs plays an important role in altering the IPs of individual bases in the base pair, induces HOMO−SOMO level switching, and thus directs multiple ionizations to a single base G or A. For the A−T base pair, we find PT is not favored within A
•+ -T and the HOMO lies on T so that the second ionization oxidizes both A and T forming triplet A
•+ -T •+ , which is more stable than the singlet A(-H) + -T(H + ). For the G-C base pair, PT is favored within G
•+ -C forming G(-H)
• -(H + )C, thus G(-H)
• becomes available for further oxidation resulting in doubly oxidized G. PT reactions in one-electron oxidized DNA base pairs are an expected phenomenon. Since one electronoxidation of a base makes it more acidic, oxidation induces a shift in the prototropic equilibrium between the two bases as proposed by Steenken. 14 This interbase PT is able to quench the SOMO−HOMO level inversion in the one-electron oxidized A-T and G-C base pair as observed for distonic anion radicals after protonation from the solvent.
10,11 Highenergy radiation often produces two one electron ionizations within a short-range. 39, 40 Two-electron oxidation at sites within DNA were proposed earlier by Bernhard to account for products formed in nonradical processes. 41, 42 The present work shows that the A-T base pair and G-C base pair would respond differently to double oxidation. In a doubly oxidized G-C, the double oxidation would reside only on G (in the singlet state), whereas in a doubly oxidized A-T, the oxidations would be shared between A and T in the triplet state. Subsequent rapid hole transfers and deprotonation processes in DNA then lead to the most stable double-oxidized G. Finally, we note that since spectroscopic studies of gas phase base pairs are now wellestablished, 43 tests of predictions made in this work are quite feasible. 
